The localization and activity of DNA synthesis of mouse cecal epithelia from prenatal Day 19 embryos to 12-month adults were investigated by light microscopic autoradiography after [3H]-thymidine injection in vivo. The cecal epithelial labeled cells with [3H]-thymidine were located at the lower halfof the crypts, and the labeling index (LI) changed with the development of the cecum due to aging. A peak in the LI of absorptive cells was found at embryonic Day 19, but it decreased strikingly at the first postnatal day and then kept an almost constant value until 12 months. The LI of the goblet cells showed the highest value at fetal Day
Introduction
Autoradiographic studies of D N A synthesis demonstrated some evident differences in age-related changes by [ jH]-thymidine incorporation into the different organs and tissues (Duan et al., 1993; Hanai, 1993; Gao et al., 1992; Kong et al., 1992; Olea and Nagata, 1992; Raymond et al., 1991; Arsenault and Menard, 1988; Ma, 1988; Nagata and Usuda, 1986; Leblond and Messier, 1958) . Although the studies on D N A synthesis (Morita et al., 1994; Arsenault and Minard, 1989; Buts et al., 1983; Eastwood and Trier, 1974; Chang, 1971; Chang and Lablond, 1971a,b) and cell proliferation (Pritchett et al., 1985; James et al., 1982) of colon epithelium have been carried out, little is known regarding the developmental and age-related changes in colon mucosa.
To our knowledge, n o detailed data are presently available concerning the alterations in D N A synthesis by cecal epithelial cells from the embryonic to the senescent scage.
The present study reports the age-related changes of D N A synthesis demonstrated by use of light microscopic autoradiography to detect differential uptake of [3H]-thymidine into the cecal epithelial cells of mice from fetal day 19 to 12-month adult.
19, decreased gradually with aging from the first postnatal day, and completely disappeared from 1 month onwards. The basal granulated cells were located only in the base of crypts, and the significant difference of LI was not found from embryonicDay 19 through 12-month adult. The results obtained in this study suggest that there are some differences of DNA synthesis among different kinds of cecal epithelial cells from embryonic stages to postnatal stages as a result of aging. ( J Histochem Cytochem 1995) KEY WORDS: Mouse cecal epithelim; DNA synthesis; [3H]-thymidine; Light microscopic autoradiography; Aging. Days 1. 3, 14, and 1, 2, 6, and 12 months), were used for this experiment. Animals were bred in our laboratory and were fed a normal diet (Clea CE2; Tokyo, Japan) with access to water ad libitum.
Autoradiographic Method. All the animals were injected i.p. with 370 kBqlg (bw) of [3H]-thymidine (specific activity 877 GBqlmM) (Amersham; Poole, UK) and were sacrificed after 1 hr. They were perfused via the left ventricle with 2.5% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.2). Cecal tissues were removed, cut into small pieces, immersed in the same fixative at 4°C for 1 hr, and post-fixed in 1% os04 in the same buffer at 4°C for 1 hr. The tissues were dehydrated in a graded series of ethanol at room temperature and then embedded in Epok 812 (Oken; Tokyo, Japan). Thick sections at 2 vm were cut perpendicular to the intestinal axis with a Porter-Blum MT-2B ultramicrotome (Dupont-Sorvall; Newtown, MA) using glass knives. The sections were transferred to glass slides and coated with Konica NR-M2 emulsion (Konica Photo Industry; Tokyo, Japan) by a dipping method (Nagata, 1992) . The coated slides were placed in dark boxes, stored in a cold room at 4°C and exposed for 6 months. The slides were developed with SDX-1 developer at 20°C for 5 min, fixed with acid hardening fixer sodium sulfate for 10 min. and stained with 0.1% toluidine bluel0.l M phosphate buffer (pH 7.4). They were observed with an Olympus Vanox AHB-LB light microscope.
Statistical Analysis. Three specimens from each animal were observed from the base to the surface of crypts and at least 1000 cells per animal in each age group (absorptive cells 1000, goblet cells 300, basal granulated cells 30) were calculated to determine radioactive labeling index by counting labeled and unlabeled cells. On the autoradiographs, the observation was performed under an oil-immersion objective in continuous fields using a light microscope. The LI was expressed as the percentage of labeled cells over the total number of cells counted. In the present study, the LI was obtained in this way: cells with four silver grains were considered labeled 1223 cells, and cells with three silver grains or less were considered to represent background staining. The data thus obtained were calculated with a personal computer and the significance of the data obtained from the autoradiographs was evaluated by the chi-square test for differences between means of respective groups.
Results
Several types of cells are known to exist in cecal epithelium: absorptive (vacuolated) cells, goblet cells, argentaffin (basal granulated) cells, principal cells, caveolated cells, and undifferentiated cells (Lacy, 1991) . The latter three types of cells were found only in small numbers and were not included in the cell counts in this study.
A utoradiograp by
The cecum of Day 19 embryos was quite immature and was simply structured, with a tiny lumen lined by simple columnar epithelium; the rudimentary crypts were shallow ( Figure 1 ). The greater part of the epithelium was composed of absorptive cells containing many vacuoles in their cytoplasm. However, a few differentiated mucus-producing goblet cells and basal granulated cells were detectable at this stage. The basal granulated cells were mainly located in the base of crypts. They possessed a light, finely granulated, roundish nucleus and pale cytoplasm containing fine dark granules. On the Postnatal Day 1, the crypts became deeper and the cecal lumen became larger. Differentiated goblet cells with dark nuclei in the stem of the goblet and mucous globules in the swollen theca were scattered throughout the epithelium and increased in number ( Figure 2 ). From the postnatal Day 3 on, the crypts became much deeper and the epithelial cells became much taller than those of postnatal Day 1. The number of goblet cells increased and the mucous content also increased, although the cells were still scattered in the epithelium at the early postnatal stages ( Figure 3 ). From the postnatal Day 14 onwards, the cecum exhibited a morphologically well-developed structure, with a marked increase in the number of goblet cells . One hr after [jH]thymidine injection, all types of cecal epithelial cells were labeled, and densely labeled cells were observed in the lower half of the crypts throughout ongoing development and aging (Figures 1-8) . However, only a few cells with labeled nuclei were seen among the superficially located cells.
Quantitative Analysis
The results of quantitation of total epithelial cells identified by labeled nuclei after a single pulse of [3H]-thymidine injection showed that the LIS reached the highest value at fetal Day 19, significantly declined at neonatal Days 1 and 3 (p < 0.01). and slightly increased at 1 month (p>O.O5), after which no evident changes were observed until 12 months ( Figure 9 ). However, the LI of the various types of epithelial cells varied greatly. The absorptive cells labeled with [jHJ-thymidine were most abundant at fetal Day 19 and dramatically decreased at the postnatal Day 1 (Figures 1, 2 , and lo), then maintained relatively constant values until 12 months (Figures 3-8 and 10). The LI of the goblet cells showed the highest value at fetal Day 19, decreased gradually with the development of the cecal epithelium from the postnatal Day 1 onwards, and many fewer labeled cells were observed at 2 weeks. These cells had completely disappeared at 1 month after birth ( Figure 10 ). The basal granulated cells were located in the bases of the crypts, and the LI showed no significant changes from fetal Day 19 to the postnatal 12-month adult (Figure 10 ).
Discussion
DNA synthesis by cells in different organs has been investigated by many authors using light and electon microscopic autoradiography (Gao et al., 1992; Kong et al., 1992; Raymond et al., 1991; Ma and Nagata, 1990; Nagata and Usuda, 1986; Pelc and Appleton, 1965; Messier and Leblond, 1960; Leblond and Messier, 1958) . In spite of the few reports available concerning the DNA synthesis as studied by autoradiography in colon using human (Arsenault and Menard, 1989; Pritchett et al., 1985) . rat (Buts et al., 1983; Eastwood and Trier, 1974) . and mouse (Morita et al., 1994; Chang, 1971; Chang and Leblond, 1971a,b) , no studies have been published that deal with age-related changes in DNA synthesis in cecal epithelial cells of any species.
The present investigation provides the first quantitative data regarding cell proliferation over the stages of development in mouse cecal epithelium from the fetal period to senescence.
The epithelial tissues are continuously renewed by mitotic activity and the renewal rates vary widely from tissue to tissue (Messier and Leblond, 1960) . The present study revealed that [3H]-thymidine was incorporated into the cecal epithelial cells 1 hr after a pulse injection from fetal Day 19 to different stages after birth. Although the LIS were quite different among the various types of cells, the average L1 of all the cecal mucosal epithelial cells that incorporated [3H]-thymidine over the entire range of study ages indicates that these cells maintained the capacity for mitosis over the entire life of the animals, from the late embryonic stage to senescence. The animals used in our experiment were different from those of Lesher et al. (1961) . The middle-aged and old-aged groups of CAFl mice used by Lesher et al. (1961) were defined at 1 year and 2.6 years, respectively. The animals used in our experiment were ddY mice, for which the lifespan is about 2 years. The ddY mice bred in our laboratory always matured around 1 year of age and died within 2 years of age.
We also found in this study that DNA synthesis in the lower half of the crypts was greater than in the superficial half of the crypts, and the same tendency has also been reported in small intestine (Leblond and Messier, 1958) and colon (Arsenault and MCnard, 1989; Minard and Arsenault, 1987; Eastwood and Trier, 1974; Chang and Leblond, 1971a .b) by [3H]-thymidine autoradiography. The observations suggested that renewal and replacement of mouse cecal epithelium continues from the fetal stage to senescence and that the cells of cecal epithelium were renewed continuously by production of new cells in the bases of the crypts to replace the numbers of superficial cells lost near the lumen (Chang, 1971; Leblond and Messier, 1958) .
Uptake of [3H]-thymidine was detected in the postnatal rat colon in vivo (Buts et al,, 1983 ) and before and after birth (Eastwood and Trier, 1974) . According to Eastwood and Trier (1974) . the LI of adult rat colon was already established by the day before birth and no further variation occurred after birth. The result obtained by Buts et al. (1983) in rat colon showed that [ 'HI-thymidine incorporation in the newborn increased rapidly, with a peak occurring at Day 14 postpartum. Between Days 14 and 20 the LI declined significantly to the adult value, and thereafter remained unchanged until adulthood. However, it was recently reported by Morita et al. (1994) that the proliferative activity of mouse colon was high on embryonic Day 19 and postnatal Day 1. and was almost constant from postnatal Day > onwards. We observed that [ 'HI-thymidine incorporation into cecal epithelial cells was greatest at the embryonic stage and declined dramatically on the day of birth. There were no significant differences between the replacement rate of ce-, .' 41r ' ( . .
.
*. cal epithelium from the neonatal to the senescent stage. This result suggested that the fetal cecal epithelium has greater proliferative activity than that of the postnatal stage. Chang and Leblond (1971b) reported that only vacuolated (absorptive) cells and goblet cells of the mouse descending colon epithelium were labeled and that the argentaffin cells did not take up label 1 hr after injection of [3H]-thymidine. In the present study, the three kinds of cecal epithelial cells were labeled after exposure to a single pulse injection of [3H]-thymidine. The per-centage of labeled absorptive cells showed the highest value at prenatal Day 19, decreased by the time of birth, and was constant thereafter. The LI of goblet cells was highest at embryonic Day 19 and then. in connection with maturation of the cecum, gradually declined from the day of birth to 2 weeks of age, and completely disrppeared at the age of 1 month, suggesting that the goblrt cells had undergone mitosis and had differentiated during early postnatal period. The LI of the goblet cells was highest at embryonic Day 19 and with maturation of the cecum gradually declined from the day of birth to 2 weeks of age. It disappeared completely at 1 month after birth, suggesting that the goblet cells possessing the capacity for DNA synthesis went into S-phase of the cell cycle and then divided and proliferated until 2 weeks after birth. From the age of 1 month onwards, goblet cells may be derived from other precursor cells (vacuolated cells).
On the other hand, we found that basal granulated cells were also labeled after exposure to a single pulse injection of [3H]-thymidine. There may be some differences among different species. The animal organ used in our experiment was the ddY mouse cecum, which was different from that of Chang and Leblond (Swiss albino mouse colon). We also found that the percentage of labeled cells maintained a relatively high level throughout our study ages. It is inferred that these may be associated with the basal granulated cells, which were mainly localized in the base of crypts and were formed only in small numbers. Although the cytoplasmic granules were barely visible in the argentaffin cells in the study by Chang and Leblond (1971b) , these granules were observed in our study. Further confirmation by electron microscopic autoradiography at the cell organelle level is required regarding the labeled basal granulated cells in cecal epithelium. The present study presents the first quantitative data concerning cell proliferation in the developing cecal epithelium from late fetal to mature stages in mice.
From the results obtained above, it can be concluded that three types of cecal epithelial cells-absorptive (vacuolated), goblet, and argentaffin (basal granulated) cells-were labeled 1 hr after a single pulse injection of [3H]-thymidine. The LIS were different among the various types of epithelial cells. The labeled cells were mainly localized in the lower half of crypts. The LI of the absorptive cells showed the highest value at embryonic Day 19, dramatically decreased on the first postnatal day, and then maintained an almost constant value until 12 months. The LI of the goblet cells showed a peak at prenatal Day 19, declined gradually from the day of birth and disappeared at 1 month after birth. The basal granulated cells were formed only in small numbers and were mainly located in the base of crypts. The LI of these cells maintained a relatively high level, and no significant changes were found from the late embryonic to the mature stage.
